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In the covariant light-front quark model, we investigate the form factors of Bc decays into
D,D∗, Ds, D
∗
s , ηc, J/ψ,B,B
∗, Bs, B
∗
s mesons. The form factors in the spacelike region are directly
evaluated. To extrapolate the form factors to the physical region, we fit the form factors by adopting
a suitable three-parameter form. At the maximally recoiling point, b → u, d, s transition form fac-
tors are smaller than b→ c and c→ d, s form factors, while the b→ u, d, s, c form factors at the zero
recoiling point are close to each other. In the fitting procedure, we find that parameters in ABcB
∗
2
and A
BcB
∗
s
2 strongly depend on decay constants of B
∗ and B∗s mesons. Fortunately, semileptonic
and nonleptonic Bc decays are not sensitive to these two form factors. We also investigate branch-
ing fractions, polarizations of the semileptonic Bc decays. Bc → (ηc, J/ψ)lν and Bc → (Bs, B
∗
s )lν
decays have much larger branching fractions than Bc → (D,D
∗, B,B∗)lν. For the three kinds of
Bc → V lν decays, longitudinal contributions are comparable with the transverse contributions.
These predictions will be tested on the ongoing and forthcoming hadron colliders.
PACS numbers: 13.20.He, 12.39.Ki
I. INTRODUCTION
B meson decays provide a golden place to extract magnitudes and phases of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements, which can test the origins of CP violation in and beyond the standard model (SM). There
has been remarkable progress in the study of semileptonic and nonleptonic B meson decays. Experimentally, the two
B factories have accumulated more than 109 BB¯ events. Some rare decays with branching fractions of the order
10−7 have been observed. On the theoretical side, great successes have also been achieved: apart from contributions
proportional to the form factors, the so-called nonfactorizable diagrams and some other radiative corrections are taken
into account. All of them make B physics suitable for the precise test of the SM and the search of new phenomena
(See Ref. [1] for a recent review).
Compared with B mesons, Bc meson is heavier: the mass of a BcB¯c pair has exceeded the threshold of Υ(4S), thus
Bc mesons can not be produced on the B factories. But Bc meson has a promising prospect on the hadron colliders.
The Large Hadron Collider (LHC) experiment, which is scheduled to run in the very near future, will produce plenty
of Bc events. With more data accumulated in the future, the study on Bc mesons will be of great importance. Bc
meson can decay not only via the b → q (q=u,d,s,c) transition like the lighter Bu,d,s, mesons, but also through the
c→ q (q=u,d,s) transitions. The CKM matrix element in the c→ s transition |Vcs| ∼ 1 is much larger than the CKM
matrix element |Vcb| ∼ 0.04 in b→ c transition. Although the phase space in c → d, s decays is smaller than that in
b→ c transition, the former decays provide about 70% to the decay width of Bc. This results in a larger decay width
and a much smaller lifetime for the Bc meson: τBc <
1
3τB. The two heavy b and c¯ quarks can annihilate to provide
a new kind of weak decays with sizable partial decay widths. The purely leptonic annihilation decay Bc → lν¯ can be
used to extract the decay constant of Bc and the CKM matrix element Vcb.
Semileptonic Bc decays are much simpler than nonleptonic decays: the leptonic part can be straightforwardly
evaluated using perturbation theory leaving only hadronic form factors. In two-body nonleptonic Bc decays, most
channels are also dominated by the Bc transition form factors. Thus the Bc transition form factors have already
2received considerable theoretical interests [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16]. In the present work, we
will use the light-front quark model to analyze these form factors. The light front QCD approach has some unique
features, which are particularly suitable to describe a hadronic bound state [17]. Based on this approach, a light-front
quark model with many advantages is developed [18, 19, 20, 21, 22]. This model provides a relativistic treatment of
the hadron and also gives a fully treatment of the hadron spin by using the so-called Melosh rotation. The light front
wave functions, which describe the hadrons in terms of their fundamental quark and gluon degrees of freedom, are
independent of the hadron momentum and thus are explicitly Lorentz invariant. In the covariant light-front quark
model [22], the spurious contribution, which is dependent on the orientation of the light-front, becomes irrelevant in
the study of decay constants and form factors and that makes the light-front quark model more selfconsistent. This
covariant model has been successfully extended to investigate the decay constants and form factors of the s-wave and
p-wave mesons [23, 24], the heavy quarkonium [25].
Our paper is organized as follows. The formalism of the covariant light-front quark model is presented in the next
section. Numerical results for the form factors and decay rates of semileptonic Bc decays are given in Section III.
We also compare our predictions of form factors with those evaluated in the literature. Our conclusions are given in
Section IV. In the Appendix A, we give the relation between the form factors defined in various studies on Bc decays
and the widely used Bauer-Stech-Wirbel (BSW) form factors [26]. In the Appendix B, we collect some specific rules
when performing the p− integration.
II. COVARIANT LIGHT-FRONT QUARK MODEL
Bc → P, V (P, V denotes a pseudoscalar and a vector meson, respectively) form factors induced by vector and
axial-vector currents are defined by
〈P (P ′′)|Vµ|Bc(P ′)〉 = f+(q2)Pµ + f−(q2)qµ, (1)
〈V (P ′′, ε′′∗)|Vµ|Bc(P ′)〉 = ǫµναβ ε′′∗νPαqβ g(q2), (2)
〈V (P ′′, ε′′∗)|Aµ|Bc(P ′)〉 = −i
{
ε′′∗µ f(q
2) + ε′′∗ · P [Pµa+(q2) + qµa−(q2)]} , (3)
where P = P ′ + P ′′, q = P ′ − P ′′ and the convention ǫ0123 = 1 is adopted. The vector and axial-vector currents are
defined as ψ¯γµψ
′ and ψ¯γµγ5ψ
′. In b→ q (q = u, d, s, c) transition, ψ and ψ′ denotes the q quark field and the b quark
field, respectively; while in c → q′ (q′ = u, d, s) transition, ψ and ψ′ denotes the q′ quark field and the c quark field,
respectively. In the literature, the Bauer-Stech-Wirbel (BSW) [26] form factors are more frequently used:
〈P (P ′′)|Vµ|Bc(P ′)〉 =
(
Pµ −
m2Bc −m2P
q2
qµ
)
FBcP1 (q
2) +
m2Bc −m2P
q2
qµF
BcP
0 (q
2), (4)
〈V (P ′′, ε′′∗)|Vµ|Bc(P ′)〉 = − 1
mBc +mV
ǫµναβε
′′∗νPαqβV BcV (q2), (5)
〈V (P ′′, ε′′∗)|Aµ|Bc(P ′)〉 = i
{
(mBc +mV )ε
′′∗
µ A
BcV
1 (q
2)− ε
′′∗ · P
mBc +mV
PµA
BcV
2 (q
2)
−2mV ε
′′∗ · P
q2
qµ
[
ABcV3 (q
2)−ABcV0 (q2)
]}
. (6)
These two kinds of form factors are related to each other via:
FBcP1 (q
2) = f+(q
2), FBcP0 (q
2) = f+(q
2) +
q2
m2Bc −m2P
f−(q
2),
V BcV (q2) = −(mBc +mV ) g(q2), ABcV1 (q2) = −
f(q2)
mBc +mV
,
ABcV2 (q
2) = (mBc +mV ) a+(q
2), ABcV3 (q
2)−ABcV0 (q2) =
q2
2mV
a−(q
2), (7)
3p′
1
−p2
P ′′P
′
p′′
1
FIG. 1: Feynman diagram for Bc → P, V decay amplitudes. The X in the diagram denotes the vector or axial-vector transition
vertex while the meson-quark-antiquark vertices are given in the text.
with ABcV3 (0) = A
BcV
0 (0), and
ABcV3 (q
2) =
mBc +mV
2mV
ABcV1 (q
2)− mBc −mV
2mV
ABcV2 (q
2). (8)
In the covariant light-front quark model, we will work in the q+ = 0 frame and employ the light-front decomposition
of the momentum P ′ = (P ′−, P ′+, P ′⊥), where P
′± = P ′0 ± P ′3, so that P ′2 = P ′+P ′− − P ′2⊥ . The incoming and
outgoing mesons have the momenta P ′ = p′1 + p2 and P
′′ = p′′1 + p2 and the mass M
′ and M ′′, respectively. For the
Bc transition form factors,M
′ = mBc . The quark and antiquark inside the incoming (outgoing) meson have the mass
m
′(′′)
1 and m2 and the momenta p
′(′′)
1 and p2, respectively. These momenta can be expressed in terms of the internal
variables (xi, p
′
⊥) as
p′+1,2 = x1,2P
′+, p′1,2⊥ = x1,2P
′
⊥ ± p′⊥, (9)
with x1 + x2 = 1. Using these internal variables, one can define some useful quantities for the incoming meson:
M ′20 = (e
′
1 + e2)
2 =
p′2⊥ +m
′2
1
x1
+
p′2⊥ +m
2
2
x2
, M˜ ′0 =
√
M ′20 − (m′1 −m2)2,
e
(′)
i =
√
m
(′)2
i + p
′2
⊥ + p
′2
z , p
′
z =
x2M
′
0
2
− m
2
2 + p
′2
⊥
2x2M ′0
, (10)
where e
(′)
i can be interpreted as the energy of the quark or the antiquark and M
′
0 can be viewed as the kinematic
invariant mass of the meson system. The definition of the internal quantities for the outgoing meson is similar. To
compute the hadronic amplitudes, we require the Feynman rules for the meson-quark-antiquark vertices (iΓ′M ):
iΓ′P = H
′
P γ5, (11)
iΓ′V = iH
′
V [γµ −
1
W ′V
(p′1 − p2)µ]. (12)
For the outgoing meson, one should use i(γ0Γ
′†
Mγ0) for the relevant vertices.
In the conventional light-front quark model, the constituent quarks are required to be on mass shell and physical
quantities can be extracted from the plus component of the current matrix elements. However, this framework suffers
from the problem of non-covariance because of the missing zero-mode contributions. In order to solve this problem,
Jaus has proposed the covariant light-front approach which provides a systematical way to deal with the zero-mode
contributions [22]. Physical quantities such as decay constants and form factors can be calculated in terms of Feynman
momentum loop integrals which are manifestly covariant. For example, the lowest order contribution to a form factor
is depicted in Fig. 1 and the P → P transition amplitude is given by:
BPPµ = −i3
Nc
(2π)4
∫
d4p′1
H ′P (H
′′
P )
N ′1N
′′
1N2
SPPµ , (13)
4where N
′(′′)
1 = p
′(′′)2
1 −m′(′′)21 , N2 = p22 −m22.
SPPµ = Tr [γ5(6p′′1 +m′′1)γµ(6p′1 +m′1)γ5(− 6p2 +m2)]
= 2p′1µ[M
′2 +M ′′2 − q2 − 2N2 − (m′1 −m2)2 − (m′′1 −m2)2 + (m′1 −m′′1)2]
+qµ[q
2 − 2M ′2 +N ′1 −N ′′1 + 2N2 + 2(m′1 −m2)2 − (m′1 −m′′1 )2]
+Pµ[q
2 −N ′1 −N ′′1 − (m′1 −m′′1)2]. (14)
In practice, we use the light-front decomposition of the loop momentum and perform the integration over the
minus component using the contour method. If the covariant vertex functions are not singular when performing the
integration, the transition amplitude will pick up the singularities in the anti-quark propagator. The integration then
leads to:
N
′(′′)
1 → Nˆ ′(′′)1 = x1(M ′(′′)2 −M ′(′′)20 ),
H
′(′′)
M → h′(′′)M ,
W ′′M → w′′M ,∫
d4p′1
N ′1N
′′
1N2
H ′PH
′′
PS → −iπ
∫
dx2d
2p′⊥
x2Nˆ ′1Nˆ
′′
1
h′Ph
′′
P Sˆ, (15)
where
M ′′20 =
p′′2⊥ +m
′′2
1
x1
+
p′′2⊥ +m
2
2
x2
, (16)
with p′′⊥ = p
′
⊥ − x2 q⊥. The explicit forms of h′M and w′M for the pseudoscalar and vector meson are given by:
h′P = h
′
V = (M
′2 −M ′20 )
√
x1x2
Nc
1√
2M˜ ′0
ϕ′,
w′V = M
′
0 +m
′
1 +m2, (17)
where ϕ′ is the light-front wave function for pseudoscalar and vector mesons. After this integration, the conventional
light-front model is recovered but manifestly the covariance is lost as it receives additional spurious contributions
proportional to the lightlike four vector ω˜ = (0, 2,0⊥). The undesired spurious contributions can be eliminated by
the inclusion of the zero mode contribution which amounts to performing the p− integration in a proper way. The
specific rules under this p− integration are derived in Ref. [22, 23] and the relevant ones in this work are collected in
the Appendix B.
Using Eqs. (14)–(17) and taking the advantage of the rules in Ref. [22, 23], we obtain expressions for the P → P
form factors:
f+(q
2) =
Nc
16π3
∫
dx2d
2p′⊥
h′Ph
′′
P
x2Nˆ ′1Nˆ
′′
1
[
x1(M
′2
0 +M
′′2
0 ) + x2q
2
−x2(m′1 −m′′1)2 − x1(m′1 −m2)2 − x1(m′′1 −m2)2
]
,
f−(q
2) =
Nc
16π3
∫
dx2d
2p′⊥
2h′Ph
′′
P
x2Nˆ ′1Nˆ
′′
1
{
− x1x2M ′2 − p′2⊥ −m′1m2 + (m′′1 −m2)(x2m′1 + x1m2)
+2
q · P
q2
(
p′2⊥ + 2
(p′⊥ · q⊥)2
q2
)
+ 2
(p′⊥ · q⊥)2
q2
− p
′
⊥ · q⊥
q2
[
M ′′2 − x2(q2 + q · P )
−(x2 − x1)M ′2 + 2x1M ′20 − 2(m′1 −m2)(m′1 +m′′1 )
]}
. (18)
5Similarly, the P → V transition amplitudes are given by:
BPVµ = −i3
Nc
(2π)4
∫
d4p′1
H ′P (iH
′′
V )
N ′1N
′′
1N2
SPVµν ε
′′∗ν , (19)
where
SPVµν = (S
PV
V − SPVA )µν
= Tr
[(
γν − 1
W ′′V
(p′′1 − p2)ν
)
(6p′′1 +m′′1)(γµ − γµγ5)(6p′1 +m′1)γ5(− 6p2 +m2)
]
= −2iǫµναβ
{
p′α1 P
β(m′′1 −m′1) + p′α1 qβ(m′′1 +m′1 − 2m2) + qαP βm′1
}
+
1
W ′′V
(4p′1ν − 3qν − Pν)iǫµαβρp′α1 qβP ρ
+2gµν
{
m2(q
2 −N ′1 −N ′′1 −m′21 −m′′21 )−m′1(M ′′2 −N ′′1 −N2 −m′′21 −m22)
−m′′1(M ′2 −N ′1 −N2 −m′21 −m22)− 2m′1m′′1m2
}
+8p′1µp
′
1ν(m2 −m′1)− 2(Pµqν + qµPν + 2qµqν)m′1 + 2p′1µPν(m′1 −m′′1)
+2p′1µqν(3m
′
1 −m′′1 − 2m2) + 2Pµp′1ν(m′1 +m′′1) + 2qµp′1ν(3m′1 +m′′1 − 2m2)
+
1
2W ′′V
(4p′1ν − 3qν − Pν)
{
2p′1µ[M
′2 +M ′′2 − q2 − 2N2 + 2(m′1 −m2)(m′′1 +m2)]
+qµ[q
2 − 2M ′2 +N ′1 −N ′′1 + 2N2 − (m1 +m′′1)2 + 2(m′1 −m2)2]
+Pµ[q
2 −N ′1 −N ′′1 − (m′1 +m′′1)2]
}
. (20)
The above equations give the expression for P → V form factors:
g(q2) = − Nc
16π3
∫
dx2d
2p′⊥
2h′Ph
′′
V
x2Nˆ ′1Nˆ
′′
1
{
x2m
′
1 + x1m2 + (m
′
1 −m′′1)
p′⊥ · q⊥
q2
+
2
w′′V
[
p′2⊥ +
(p′⊥ · q⊥)2
q2
]}
,
f(q2) =
Nc
16π3
∫
dx2d
2p′⊥
h′Ph
′′
V
x2Nˆ ′1Nˆ
′′
1
{
2x1(m2 −m′1)(M ′20 +M ′′20 )− 4x1m′′1M ′20 + 2x2m′1q · P
+2m2q
2 − 2x1m2(M ′2 +M ′′2) + 2(m′1 −m2)(m′1 +m′′1)2 + 8(m′1 −m2)
[
p′2⊥ +
(p′⊥ · q⊥)2
q2
]
+2(m′1 +m
′′
1)(q
2 + q · P )p
′
⊥ · q⊥
q2
− 4q
2p′2⊥ + (p
′
⊥ · q⊥)2
q2w′′V
[
2x1(M
′2 +M ′20 )− q2 − q · P
−2(q2 + q · P )p
′
⊥ · q⊥
q2
− 2(m′1 −m′′1)(m′1 −m2)
]}
,
a+(q
2) =
Nc
16π3
∫
dx2d
2p′⊥
2h′Ph
′′
V
x2Nˆ ′1Nˆ
′′
1
{
(x1 − x2)(x2m′1 + x1m2)− [2x1m2 +m′′1 + (x2 − x1)m′1]
p′⊥ · q⊥
q2
−2x2q
2 + p′⊥ · q⊥
x2q2w′′V
[
p′⊥ · p′′⊥ + (x1m2 + x2m′1)(x1m2 − x2m′′1 )
]}
,
a−(q
2) =
Nc
16π3
∫
dx2d
2p′⊥
h′Ph
′′
V
x2Nˆ ′1Nˆ
′′
1
{
2(2x1 − 3)(x2m′1 + x1m2)− 8(m′1 −m2)
[
p′2⊥
q2
+ 2
(p′⊥ · q⊥)2
q4
]
−[(14− 12x1)m′1 − 2m′′1 − (8− 12x1)m2]
p′⊥ · q⊥
q2
+
4
w′′V
(
[M ′2 +M ′′2 − q2 + 2(m′1 −m2)(m′′1 +m2)](A(2)3 +A(2)4 −A(1)2 )
+Z2(3A
(1)
2 − 2A(2)4 − 1) +
1
2
[x1(q
2 + q · P )− 2M ′2 − 2p′⊥ · q⊥ − 2m′1(m′′1 +m2)
6−2m2(m′1 −m2)](A(1)1 +A(1)2 − 1)q · P
[
p′2⊥
q2
+
(p′⊥ · q⊥)2
q4
]
(4A
(1)
2 − 3)
)}
. (21)
The functions Z2 and A
(1)
1 , A
(1)
2 , A
(2)
3 , A
(2)
4 , and Z2 are given in the Appendix B. Expressions for the BSW form
factors can be directly obtained through the simple relation given in Eq. (7).
III. NUMERICAL RESULTS
The q¯q meson state is described by the light-front wave function which can be obtained by solving the relativistic
Schro¨dinger equation. But in fact except for some limited cases, the exact solution is not obtainable. In practice, we
usually prefer to employ a phenomenological wave function to describe the hadronic structure. In this work, we will
use the simple Gaussian-type wave function which has been extensively examined in the literature:
ϕ′ = ϕ′(x2, p
′
⊥) = 4
(
π
β′2
) 3
4
√
dp′z
dx2
exp
(
−p
′2
z + p
′2
⊥
2β′2
)
,
dp′z
dx2
=
e′1e2
x1x2M ′0
. (22)
The parameter β′, which describes the momentum distribution, is expected to be of order ΛQCD. It is usually fixed
by meson’s decay constant whose analytic expression in the covariant light-front model is given in [23]. The decay
constant of fJ/ψ can be determined by the leptonic decay width
Γee ≡ Γ(J/ψ → e+e−) =
4πα2emQ
2
cf
2
J/ψ
3mJ/ψ
, (23)
where Qc = +2/3 denotes the electric charge of the charm quark. Using the measured results for the electronic width
of J/ψ [27]:
Γee = (5.55± 0.14± 0.02)keV, (24)
we obtain fJ/ψ = (416 ± 5) MeV. Under the factorization assumption, the decay constant of ηc has been extracted
by CLEO collaboration from B → ηcK decays [28]:
fηc = (335± 75)MeV, (25)
where the central value is about 20% smaller than that of J/ψ. In this work, we will assume the same decay constant
for ηc as that of J/ψ. We also introduce an uncertainty of 20% to this value. Decay constants for charged pseudoscalars
are usually derived through the purely leptonic decays:
Γ(P → lν¯) = G
2
F |VCKM|2
8π
f2Pm
2
lmP (1 −
m2l
m2P
)2. (26)
The experimental results for the decay constants of charmed mesons are averaged as [29]:
fDs = (273± 10)MeV, fD = (205.8± 8.9)MeV. (27)
As clearly shown in the above equation, the uncertainties for these decay constants are less than 5%. It provides a
solid foundation for the precise study on Bc transition form factors. In the heavy quark limit, the decay constant fD∗
of a vector heavy meson D∗ is related to that of a pseudoscalar meson through:
fD∗ = fD ×
√
mD
mD∗
, (28)
7TABLE I: Input parameters mq and β
′ (in units of GeV) in the Gaussian-type light-front wave function (22). Uncertainties of
β′ are from the decay constants as discussed in the text.
mu,d ms mc mb
0.25 0.37 1.4 4.8
β′D β
′
D∗ β
′
Ds β
′
D∗s
0.466+0.022
−0.021 0.366
+0.010
−0.010 0.600
+0.026
−0.025 0.438
+0.010
−0.010
β′B β
′
B∗ β
′
Bs β
′
B∗s
0.555+0.048
−0.048 0.528
+0.033
−0.034 0.626
+0.045
−0.045 0.599
+0.033
−0.032
β′ηc β
′
J/ψ β
′
Bc
0.814+0.092
−0.086 0.632
+0.005
−0.005 0.890
+0.075
−0.074
wheremD andmD∗ denotes the mass of the pseudoscalar and vector meson, respectively. That implies fD∗ < fD since
mD∗ > mD. In the following, we will use the same values for the decay constant of the vectors and pseudoscalars. To
compensate the differences, we will also introduce an uncertainty of 10% to the decay constants. Decay constants for
the bottom mesons are employed by:
fBc = (400± 40)MeV, fB = (190± 20)MeV, fBs = (230± 20)MeV. (29)
These values are slightly smaller than results provided by Lattice QCD [30]:
fBs = (253± 8± 7)MeV, fBc = (489± 4± 3)MeV. (30)
Decay constants of the vector B mesons are used as: fB∗ = (210 ± 20) MeV and fB∗s = (260 ± 20) MeV which
are about 10% larger than those of the pseudoscalar B mesons. Shape parameters β′s determined from these decay
constants, together with the constituent quark masses used in the calculation, are shown in table I. The consistent
quark masses are close to the ones used in Ref. [23, 24]. To estimate the uncertainties caused by these quark masses,
we will introduce the uncertainties of 0.03 GeV and 0.1 GeV to the light quark masses and the heavy quark masses,
respectively. The masses (in units of GeV) of hadrons are used as [27]:
mBc = 6.276, mD = 1.8645, mD∗ = 2.0067, mDs = 1.9682, mD∗s = 2.112,
mηc = 2.9804, mJ/ψ = 3.0969, mB = 5.279, mB∗ = 5.325, mBs = 5.3675,
mB∗s = mB∗ +mBs −mB. (31)
If a light meson is emitted in exclusive nonleptonic decays, only the form factor at maximally recoiling point (q2 ≃ 0)
is required but the q2-dependent behavior in the full q2 > 0 region is required in semileptonic Bc decays. Because of
the condition q+ = 0 imposed during the course of calculation, form factors can be directly studied only at spacelike
momentum transfer q2 = −q2⊥ ≤ 0, which are not relevant for the semileptonic processes. It has been proposed in
[23] to parameterize form factors as explicit functions of q2 in the space-like region and one can analytically extend
them to the time-like region. To shed light on the momentum dependence, we will choose the parametrization for the
b quark decays:
F (q2) = F (0)exp(c1sˆ+ c2sˆ
2), (32)
where sˆ = q2/m2Bc and F denotes anyone of the form factors F1, F0 and V,A0, A1, A2. But for c→ u, d, s transitions,
we find that the fitted values for the two parameters c1, c2 are not stable and thus we adopt the optional three-
parameter form:
F (q2) =
F (0)
1− q2
m2
fit
+ δ( q
2
m2
fit
)2
. (33)
8In the procedure to fit the form factors ABcB
∗
2 and A
BcB
∗
s
2 , we find that the shape parameters (mfit, δ) strongly
depend on the decay constants fB∗ and fB∗s . In this case, our predictions on these two form factors are unreliable,
thus we refrain from predicting these two form factors. Fortunately, the ambiguity of ABcB
∗
2 and A
BcB
∗
s
2 will not affect
the physical quantities in various physical decay channels. As we can see from equation (8), the masses of B∗, B∗s
mesons are very close to that of Bc, thus the second term in the right hand side is negligible. The form factor A0,
which is relevant for the nonleptonic Bc → B∗(B∗s )P decays, receives small contributions from A2. Contributions
from A2 to the Bc → B∗(B∗s )lν decays and Bc → B∗(B∗s )V decays are also small which will be shown in the following.
Our predictions of the remanent form factors are collected in table II and table III. The first kind of uncertainties
shown in these tables are from those in decay constants of the Bc meson and the final mesons; while the second kind
of uncertainties are from those in the constituent quark masses. Several remarks are given in order. First, from these
two tables, we can see that the Bc → D,D∗, Ds, D∗s form factors at maximally recoiling point (q2 = 0) are smaller
than the other ones. It can be understood as follows. In Bc → D,D∗, Ds, D∗s transitions, the initial charm quark is
almost at rest and its momentum is of order mc; in the final state, the meson moves very fast and the charm quark
tends to have a very large momentum of ordermb. In this transition, the overlap between the wave functions is limited
which will produce small values for the form factors. In Bc → ηc, J/ψ transitions, the spectator charm antiquark in
ηc, J/ψ play the same role with the charm quark generated from the weak vertex. The light-front wave function of
the charmonium is expected to have a maximum at E =
m2Bc+m
2
ηc
4mBc
∼ mBc4 ≈ mc. The overlap between the initial and
final states’ light-front wave functions in Bc → ηc, J/ψ becomes larger, which certainly induces larger form factors. It
is also similar for the Bc → B,Bs form factors. Secondly, the Bc → Ds, ηc form factors at the zero recoiling point are
close to each other. The initial charm quark is almost at rest and its momentum is of order mc. In these two kinds
of transitions, the charm spectator in the final states tends to posses a momentum of order mc. The overlaps of the
wave functions in Bc → Ds, ηc transitions are expected to be in similar size. Thirdly, the SU(3) symmetry breaking
effects in Bc → D,Ds and Bc → D∗, D∗s form factors are quite large, as the decay constant of Ds is about one third
larger than that of the D meson. But in Bc → B,Bs and Bc → B∗, B∗s transitions, the SU(3) breaking effect is small,
because the decay constants f
B(∗),B
(∗)
s
are in similar size. Fourthly, since the uncertainties from decay constants of
D,Ds, J/ψ are very small, the relevant uncertainties to the form factors are also very small.
In the literature, there already exist lots of studies on Bc transition form factors [2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15, 16] and their results are collected in table IV and table V. Since J/ψ can be easily reconstructed
by a lepton pair on the hadron collider, the Bc → J/ψ form factors have been widely studied in many theoretical
frameworks. In a very recent paper [15], the authors have derived two kinds of wave functions for the charmonium
state under harmonic oscillator potential and Coulomb potential. They also used these wave functions to investigate
the Bc → ηc, J/ψ form factors under the perturbative QCD approach. Compared with their results, our predictions
are typically smaller. The main reason is that they have used a much larger decay constant fBc . Regardless of this
effect, our results are consistent with theirs. Results collected in IV (including ours) have large differences which can
be discriminated by the future LHC experiments. The Bc → Ds, D∗s is described as the FCNC b → s transition at
the quark level which is purely loop effects in the SM. As a consequence, this transition has a very small Wilson
coefficient and the Bc → Ds, D∗s form factors are less studied in the literature. Similar with the b→ u, s, c transitions,
predictions of the c → u, s transition form factors have large differences between different methods. As indicated
from these two tables, results evaluated in Refs. [8, 9, 12, 14] are different with the other ones and ours to a large
extent. In Ref. [9], all of the results except for the Bc to charmonium transitions are larger than the other results:
the authors have taken into account the αs/v corrections and the form factors are enhanced by three times due to the
Coulomb renormalization of quark-meson vertex for the heavy quarkonium Bc. Moreover, small decay constants for
the B meson are adopted which also give large form factors: fB = 140−170 MeV, fB∗/fB = 1.11 and fBs/fB = 1.16.
In Ref. [14], the authors have chosen the chiral correlation functions to derive the form factors in the light-cone sum
rules. Although only the twist-2 distribution amplitudes (DAs) contribute and contributions from the twist-3 DAs
9TABLE II: Bc → D,D
∗, Ds, D
∗
s , ηc, J/ψ form factors in the light-front quark model. The uncertainties are from the Bc decay
constants and the decay constant of the final state mesons.
F F (0) F (q2max) c1 c2
FBcD1 0.16
+0.02+0.02
−0.02−0.01 1.10
+0.07+0.11
−0.07−0.10 3.46
+0.24+0.19
−0.22−0.19 0.90
+0.05+0.06
−0.05−0.06
FBcD0 0.16
+0.02+0.02
−0.02−0.01 0.59
+0.02+0.05
−0.02−0.05 2.41
+0.22+0.17
−0.20−0.17 0.47
+0.04+0.04
−0.04−0.04
V BcD
∗
0.13+0.01+0.02
−0.02−0.02 1.16
+0.08+0.16
−0.07−0.14 4.21
+0.30+0.25
−0.27−0.25 1.09
+0.07+0.07
−0.06−0.07
ABcD
∗
0 0.09
+0.01+0.01
−0.01−0.01 0.79
+0.06+0.09
−0.05−0.08 4.18
+0.30+0.27
−0.27−0.27 0.96
+0.06+0.08
−0.07−0.06
ABcD
∗
1 0.08
+0.01+0.01
−0.01−0.01 0.42
+0.02+0.05
−0.01−0.04 3.18
+0.28+0.24
−0.25−0.23 0.65
+0.06+0.06
−0.04−0.05
ABcD
∗
2 0.07
+0.01+0.01
−0.01−0.01 0.51
+0.01+0.07
−0.01−0.06 3.78
+0.26+0.23
−0.24−0.23 0.80
+0.04+0.06
−0.04−0.05
FBcDs1 0.28
+0.02+0.02
−0.02−0.02 1.24
+0.04+0.09
−0.05−0.09 2.78
+0.17+0.14
−0.16−0.14 0.72
+0.03+0.04
−0.03−0.04
FBcDs0 0.28
+0.02+0.02
−0.02−0.02 0.68
+0.01+0.04
−0.01−0.04 1.72
+0.15+0.12
−0.14−0.12 0.27
+0.05+0.02
−0.05−0.02
V BcD
∗
s 0.23+0.02+0.03
−0.02−0.02 1.36
+0.07+0.16
−0.07−0.14 3.63
+0.23+0.21
−0.21−0.21 0.95
+0.04+0.06
−0.04−0.06
A
BcD
∗
s
0 0.17
+0.01+0.01
−0.01−0.01 0.94
+0.06+0.08
−0.05−0.08 3.58
+0.23+0.22
−0.21−0.23 0.83
+0.06+0.06
−0.04−0.06
A
BcD
∗
s
1 0.14
+0.01+0.02
−0.01−0.01 0.51
+0.01+0.04
−0.01−0.04 2.62
+0.21+0.19
−0.19−0.19 0.53
+0.03+0.04
−0.03−0.04
A
BcD
∗
s
2 0.12
+0.01+0.02
−0.01−0.02 0.57
+0.01+0.06
−0.02−0.06 3.18
+0.19+0.18
−0.18−0.18 0.66
+0.03+0.04
−0.04−0.04
FBcηc1 0.61
+0.03+0.01
−0.04−0.01 1.09
+0.00+0.05
−0.02−0.05 1.99
+0.22+0.08
−0.20−0.08 0.44
+0.05+0.02
−0.05−0.02
FBcηc0 0.61
+0.03+0.01
−0.04−0.01 0.86
+0.02+0.04
−0.03−0.04 1.18
+0.26+0.09
−0.24−0.09 0.17
+0.09+0.02
−0.09−0.02
V BcJ/ψ 0.74+0.01+0.03
−0.01−0.03 1.45
+0.03+0.09
−0.04−0.08 2.46
+0.13+0.10
−0.13−0.10 0.56
+0.02+0.03
−0.03−0.03
A
BcJ/ψ
0 0.53
+0.01+0.02
−0.01−0.02 1.02
+0.02+0.07
−0.02−0.07 2.39
+0.13+0.11
−0.13−0.11 0.50
+0.02+0.02
−0.03−0.02
A
BcJ/ψ
1 0.50
+0.01+0.02
−0.02−0.02 0.80
+0.00+0.05
−0.01−0.05 1.73
+0.12+0.12
−0.12−0.12 0.33
+0.01+0.02
−0.02−0.02
A
BcJ/ψ
2 0.44
+0.02+0.02
−0.03−0.02 0.81
+0.02+0.05
−0.03−0.04 2.22
+0.11+0.11
−0.10−0.11 0.45
+0.01+0.02
−0.01−0.02
TABLE III: Results for the Bc → B,B
∗, Bs, B
∗
s form factors in the light front quark model. The uncertainties are from the Bc
decay constants and the decay constant of the final state mesons.
F F (0) F (q2max) mfit δ
FBcB1 0.63
+0.04+0.03
−0.05−0.03 0.96
+0.05+0.08
−0.07−0.07 1.19
+0.09+0.01
−0.09−0.01 0.33
+0.04+0.01
−0.04−0.01
FBcB0 0.63
+0.04+0.03
−0.05−0.03 0.81
+0.02+0.06
−0.03−0.05 1.52
+0.22+0.02
−0.19−0.02 0.52
+0.16+0.02
−0.10−0.02
V BcB
∗
3.29+0.17+0.32
−0.21−0.30 4.89
+0.19+0.61
−0.27−0.53 2.65
+0.13+0.05
−0.14−0.06 1.75
+0.27+0.10
−0.22−0.11
ABcB
∗
0 0.47
+0.01+0.04
−0.01−0.04 0.68
+0.01+0.07
−0.02−0.07 0.99
+0.04+0.04
−0.04−0.04 0.31
+0.03+0.02
−0.03−0.02
ABcB
∗
1 0.43
+0.01+0.04
−0.01−0.04 0.57
+0.00+0.06
−0.01−0.06 1.16
+0.07+0.03
−0.07−0.03 0.27
+0.03+0.01
−0.03−0.02
FBcBs1 0.73
+0.03+0.03
−0.04−0.03 1.01
+0.02+0.07
−0.04−0.06 1.35
+0.07+0.01
−0.08−0.01 0.35
+0.04+0.00
−0.04−0.01
FBcBs0 0.73
+0.03+0.03
−0.04−0.03 0.87
+0.00+0.05
−0.02−0.05 1.77
+0.24+0.04
−0.20−0.04 0.60
+0.23+0.04
−0.14−0.04
V BcB
∗
s 3.62+0.12+0.31
−0.15−0.29 4.93
+0.14+0.53
−0.19−0.47 2.94
+0.11+0.04
−0.11−0.05 1.78
+0.25+0.07
−0.21−0.08
A
BcB
∗
s
0 0.56
+0.00+0.04
−0.01−0.04 0.75
+0.00+0.07
−0.01−0.07 1.13
+0.03+0.04
−0.04−0.04 0.33
+0.03+0.02
−0.03−0.02
A
BcB
∗
s
1 0.52
+0.00+0.04
−0.01−0.04 0.64
+0.00+0.06
−0.01−0.06 1.33
+0.07+0.03
−0.07−0.03 0.28
+0.03+0.01
−0.03−0.01
vanish, uncertainties of the continuum and the higher resonance interpolated by both of the axial-vector current and
vector current are expected to be larger. In Ref. [12], the authors also adopted the three-point QCD sum rules but
different correlation functions are chosen. The form factors ABcB
∗
2 and A
BcB
∗
s
2 in Ref. [8] have different signs with the
other results. The large differences in different models can be used to distinguish them in the future.
At the quark level, the Bc → P (V )lν¯ decays are described as b → c(u)W− → c(u)lν¯ or c → d(s)W+ → d(s)l+ν.
Integrating out the highly offshell intermediate degrees of freedom at tree level, the effective electroweak Hamiltonian
for b→ ulν¯l transition, as an example, is
Heff (b→ ulν¯l) = GF√
2
Vubu¯γµ(1− γ5)bl¯γµ(1− γ5)νl. (34)
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TABLE IV: Bc → D,D
∗ and Bc → Ds, D
∗
s form factors at q
2 = 0 evaluated in the literature.
FBcD1 = F
BcD
0 A
BcD
∗
0 A
BcD
∗
1 A
BcD
∗
2 V
BcD
∗
DW[2]a 0.154 0.156 0.145 0.134 0.224
CNP[3] 0.13 0.05 0.11 0.17 0.25
NW[7] 0.1446 0.094 0.100 0.105 0.175
IKS[8] 0.69 0.47 0.56 0.64 0.98
Kiselev[9]b 0.32[0.29] 0.35[0.37] 0.43[0.43] 0.51[0.50] 1.66[1.74]
EFG[10] 0.14 0.14 0.17 0.19 0.18
HZ[14] 0.35 0.05 0.32 0.57 0.57
DSV[16] 0.075 0.081 0.095 0.11 0.16
FBcDs1 = F
BcDs
0 A
BcD
∗
s
0 A
BcD
∗
s
1 A
BcD
∗
s
2 V
BcD
∗
s
Kiselev[9]b 0.45[0.43] 0.47[0.52] 0.56[0.56] 0.65[0.60] 2.02[2.27]
DSV[16] 0.15 0.16 0.18 0.20 0.29
aWe quote the results with ω = 0.6 GeV.
b The results out (in) the brackets are evaluated in sum rules (potential model).
Since radiative corrections due to strong interactions only happen between the b quark and the u quark, they charac-
terize the interactions at the low energy and the Wilson coefficient which contains the physics above the mb scale is
not altered. With the masses of leptons taken into account, the differential decay widths of Bc → Plν¯ and Bc → V lν¯
(l = e, µ, τ) are given by:
dΓ(Bc → Plν¯)
dq2
= (
q2 −m2l
q2
)2
√
λ(m2Bc ,m
2
P , q
2)G2F |VCKM|2
384m3Bcπ
3
× 1
q2
×{(m2l + 2q2)λ(m2Bc ,m2P , q2)F 21 (q2) + 3m2l (m2Bc −m2P )2F 20 (q2)} , (35)
dΓL(Bc → V lν¯)
dq2
= (
q2 −m2l
q2
)2
√
λ(m2Bc ,m
2
V , q
2)G2F |VCKM|2
384m3Bcπ
3
× 1
q2
{
3m2l λ(m
2
Bc ,m
2
V , q
2)A20(q
2)+
× (m2l + 2q2)
∣∣∣∣ 12mV
[
(m2Bc −m2V − q2)(mBc +mV )A1(q2)−
λ(m2Bc ,m
2
V , q
2)
mBc +mV
A2(q
2)
]∣∣∣∣2
}
,(36)
dΓ±(Bc → V lν¯)
dq2
= (
q2 −m2l
q2
)2
√
λ(m2Bc ,m
2
V , q
2)G2F |VCKM|2
384m3Bcπ
3
×
×
(m2l + 2q2)λ(m2Bc ,m2V , q2)
∣∣∣∣∣∣ V (q
2)
mBc +mV
∓ (mBc +mV )A1(q
2)√
λ(m2Bc ,m
2
V , q
2)
∣∣∣∣∣∣
2
 , (37)
where the subscript +(−) denotes the right-handed (left-handed) states of vector mesons. λ(m2Bc ,m2i , q2) = (m2Bc +
m2i − q2)2 − 4m2Bcm2i with i = P, V . The combined transverse and total differential decay widths are given by:
dΓT
dq2
=
dΓ+
dq2
+
dΓ−
dq2
,
dΓ
dq2
=
dΓL
dq2
+
dΓT
dq2
. (38)
As we have mentioned in the above, the form factors ABcB
∗
2 and A
BcB
∗
s
2 only give small contributions to semileptonic
Bc decays. In these two channels, the two small variables m
2
Bc
− m2V and q2 satisfy the inequality: q2 ≤ q2max =
(mBc −mV )2 ≪ (mBc −mV )(mBc +mV ) = m2Bc −m2V . One can expand the decay width in terms of small variables.
The variable λ(m2Bc ,m
2
V , q
2) can be expanded as: λ(m2Bc ,m
2
V , q
2) = (m2B−m2V )2−4(m2B+m2V )q2+q4 ∼ (m2Bc−m2V )2.
From Eq. (36), we can see that the contribution from A2 to the longitudinal differential decay width contains a
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TABLE V: Bc → ηc, J/ψ, B,B
∗, Bs, B
∗
s form factors at q
2 = 0 evaluated in the literature.
FBcηc1 = F
Bcηc
0 A
BcJ/ψ
0 A
BcJ/ψ
1 A
BcJ/ψ
2 V
BcJ/ψ
DW[2]a 0.420 0.408 0.416 0.431 0.591
CNP[3] 0.20 0.26 0.27 0.28 0.38
KT[4] 0.23 0.21 0.21 0.23 0.33
KLO[6]b 0.66 0.60 0.63 0.69 1.03
NW[7] 0.5359 0.532 0.524 0.509 0.736
IKS[8] 0.76 0.69 0.68 0.66 0.96
Kiselev[9]c 0.66[0.7] 0.60[0.66] 0.63[0.66] 0.69[0.66] 1.03[0.94]
EFG[10] 0.47 0.40 0.50 0.73 0.49
IKS2[11] 0.61 0.57 0.56 0.54 0.83
HNV[13] 0.49 0.45 0.49 0.56 0.61
HZ[14] 0.87 0.27 0.75 1.69 1.69
SDY[15] 0.87 0.27 0.75 1.69 1.69
DSV[16] 0.58 0.58 0.63 0.74 0.91
FBcB1 = F
BcB
0 A
BcB
∗
0 A
BcB
∗
1 A
BcB
∗
2 V
BcB
∗
DW[2]a 0.662 0.682 0.729 1.240 5.690
CNP[3] 0.3 0.35 0.34 0.23 1.97
NW[7] 0.4504 0.269 0.291 0.538 1.94
IKS[8]d 0.58 0.35 0.27 −0.60 3.27
Kiselev[9]c 1.27[1.38] 0.55[0.51] 0.84[0.81] 4.06[4.18] 15.7[15.9]
EFG[10] 0.39 0.20 0.42 2.89 3.94
AS[12] ... 0.28 0.17 −1.10 0.09
HNV[13]e 0.39 0.34 0.38 0.80 1.69
HZ[14] 0.90 0.27 0.90 7.9 7.9
DSV[16] 0.41 0.42 0.63 2.74 4.77
FBcBs1 = F
BcBs
0 A
BcB
∗
s
0 A
BcB
∗
s
1 A
BcB
∗
s
2 V
BcB
∗
s
DW[2]a 0.715 0.734 0.821 1.909 5.657
CNP[3] 0.30 0.39 0.38 0.35 2.11
CKM[5]f 0.403 0.433 0.487 1.155 3.367
NW[7] 0.5917 0.445 0.471 0.787 2.81
IKS[8]d 0.61 0.39 0.33 −0.40 3.25
Kiselev[9]c 1.3[1.1] 0.56[0.47] 0.69[0.70] 2.34[3.51] 12.9[12.9]
EFG[10] 0.50 0.35 0.49 2.19 3.44
HNV[13]e 0.58 0.52 0.55 0.98 2.29
HZ[14] 1.02 0.36 1.01 9.04 9.04
DSV[16] 0.55 0.57 0.79 3.24 5.19
aWe quote the results with ω = 0.6 GeV.
b We quote the values where the Coulomb corrections are taken into account.
cThe results out (in) the brackets are evaluated in sum rules (potential model).
dWe add a minus sign to the form factors F1, A0, A1, A2
eWe add a minus sign for their predictions on the form factors.
fWe quote the results which correspond to mb = 4.9 GeV and ω = 0.4 GeV.
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TABLE VI: Branching ratios (in units of %) and polarizations ΓL
ΓT
of Bc →Mlν decays. The first kind of uncertainties is from
the Bc decay constants and the decay constant of the final state mesons, while the second one is from the quark masses. The
last kind of uncertainties is from the decay width of Bc and the CKM matrix element Vub. The mass difference between an
electron and a muon does not provide sizable effects in Bc → D
(∗)lν¯ and Bc → ηc(J/ψ)lν¯ decays, but it does in Bc → B
(∗)lν
and Bc → B
(∗)
s lν decays
Bc → Deν¯e Bc → Dµν¯µ Bc → Dτν¯τ Bc → ηceν¯e Bc → ηcµν¯µ
BR 0.0030+0.0005+0.0005+0.0007
−0.0004−0.0004−0.0007 0.0030
+0.0005+0.0005+0.0007
−0.0004−0.0004−0.0007 0.0021
+0.0003+0.0003+0.0005
−0.0003−0.0003−0.0005 0.67
+0.04+0.04+0.10
−0.07−0.04−0.10 0.67
+0.04+0.04+0.10
−0.07−0.04−0.10
Bc → ηcτ ν¯τ Bc → Beν¯e Bc → Bµν¯µ Bc → Bseν¯e Bc → Bsµν¯µ
BR 0.190+0.005+0.014+0.029
−0.012−0.013−0.029 0.109
+0.014+0.013+0.017
−0.016−0.012−0.017 0.104
+0.013+0.013+0.016
−0.015−0.012−0.016 1.49
+0.10+0.15+0.23
−0.13−0.14−0.23 1.41
+0.09+0.14+0.21
−0.12−0.14−0.21
Bc → D
∗eν¯e Bc → D
∗µν¯µ Bc → D
∗τ ν¯τ Bc → J/ψeν¯e Bc → J/ψµν¯µ
BR 0.0045+0.0005+0.0010+0.0011
−0.0004−0.0008−0.0010 0.0045
+0.0005+0.0010+0.0011
−0.0004−0.0008−0.0010 0.0027
+0.0003+0.0006+0.0007
−0.0002−0.0005−0.0006 1.49
+0.01+0.15+0.23
−0.03−0.14−0.23 1.49
+0.01+0.15+0.23
−0.03−0.14−0.23
ΓL
ΓT
0.68+0.02+0.02+0.00
−0.02−0.02−0.00 0.68
+0.02+0.02+0.00
−0.02−0.02−0.00 0.70
+0.01+0.02+0.00
−0.01−0.02−0.00 1.04
+0.00+0.02+0.00
−0.00−0.02−0.00 1.04
+0.00+0.02+0.00
−0.00−0.02−0.00
Bc → J/ψτ ν¯τ Bc → B
∗eν¯e Bc → B
∗µν¯µ Bc → B
∗
seν¯e Bc → B
∗
sµν¯µ
BR 0.370+0.002+0.042+0.056
−0.005−0.038−0.056 0.141
+0.002+0.029+0.021
−0.004−0.026−0.021 0.134
+0.002+0.028+0.020
−0.004−0.025−0.020 1.96
+0.00+0.34+0.30
−0.03−0.32−0.30 1.83
+0.00+0.32+0.28
−0.03−0.30−0.28
ΓL
ΓT
0.81+0.01+0.01+0.00
−0.01−0.01−0.00 1.07
+0.01+0.02+0.00
−0.01−0.03−0.00 1.06
+0.01+0.02+0.00
−0.01−0.02−0.00 1.14
+0.01+0.02+0.00
−0.01−0.02−0.00 1.11
+0.01+0.01+0.00
−0.01−0.02−0.00
factor of λ(m2Bc ,m
2
V , q
2) while the A1 term is of the order
√
λ(m2Bc ,m
2
V , q
2). Numerical results show that the ratio
λ(m2Bc ,m
2
B∗ ,q
2)
(mBc+mB∗ )
2(m2
Bc
−m2
B∗
−q2)
and
λ(m2Bc ,m
2
B∗s
,q2)
(mBc+mB∗s
)2(m2
Bc
−m2
B∗s
−q2)
is smaller than 0.083 and 0.075 in the full region for q2,
respectively. It implies that the form factors ABcB
∗
2 and A
BcB
∗
s
2 can be safely neglected in the decay width
1.
Integrating the differential decay widths over the variable q2, one obtains partial decay widths and polarization
fractions. The lifetime of the Bc meson and the relevant CKM matrix elements are used as [27]:
τBc = (0.46± 0.07)ps, |Vcb| = 41.2× 10−3, |Vub| = (3.93± 0.36)× 10−3, |Vcd| = 0.230, |Vcs| = 0.973, (39)
where the small uncertainties in the other CKM matrix elements are neglected. Our predictions of branching ratios
and polarization quantities ΓLΓT in semileptonic Bc decays are given in table VI. The three kinds of uncertainties are
from: the decay constants of the Bc meson and the meson in the final state; the constituent quark masses; the lifetime
of Bc together with the CKM matrix elements. The first kind of uncertainties in the Bc → (D,Ds, J/ψ)lν¯ decays is
very small, as the uncertainties in decay constants of D and J/ψ are small. The different mass between the electron
and muon does not have sizable effects on b→ u, c semileptonic decays, but the branching ratios of c→ u, s transitions
are altered by roughly 5%. Branching ratios of Bc → Plν¯ decays are smaller than the corresponding Bc → V lν¯ ones,
partly because there are three kinds of polarizations for vector mesons.Among the four kinds of transitions at the
quark level, there is an inequation in chain:
BR(Bc → D∗lν) < BR(Bc → B∗lν) < BR(Bc → J/ψlν) < BR(Bc → B∗s lν), (40)
where we have taken decays involving a vector meson as an example. To understand this inequation, three points are
essential. The CKM matrix elements for these four kinds of decays are given as:
|Vub| ≪ Vcb ≪ |Vcd| ≪ Vcs. (41)
The form factors at zero-recoiling point roughly respect:
F (Bc → D∗) < F (Bc → J/ψ) ∼ F (Bc → B∗) ∼ F (Bc → B∗s ). (42)
1 In Bc → (B∗, B∗s )V decays, the analysis is similar: q
2 is replaced by the mass square of the vector meson m2V .
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The phase spaces in Bc → D∗ and Bc → J/ψ transitions are much larger than those in Bc → B∗, B∗s transitions,
which can compensate for the small CKM matrix element in Bc → J/ψlν¯ decay. These predictions will be tested at
the ongoing and forthcoming hadron colliders.
IV. CONCLUSION
Due to the rich data, measurements on the CKM matrix elements are becoming more and more accurate. Bc meson
decays provide another promising place to continue the errand in B meson decays. They also offer a new window
to explore the structure of weak interactions. Although the Bc meson can not be produced on the two B factories,
it has a promising prospect on the ongoing and forthcoming hadron colliders. Because of these interesting features,
we have studied the Bc transition form factors in the covariant light-front quark model, which are relevant for the
semileptonic Bc decays.
Comparing our predictions with results for the form factors in the literature, we find large discrepancies which
may be useful to distinguish various theoretical methods. Our results for the form factors A2 in Bc → B∗ and
Bc → B∗s transitions strongly depend on the decay constants of the B∗ and B∗s mesons, which gives large theoretical
uncertainties to the form factors. For Bc → BP decays, the relevant form factor A0 is almost independent of A2:
A0 ≃ A1. For semileptonic Bc decays (also Bc → B∗V decays), contributions from A2 are at least suppressed by
a factor of 0.08 compared with those from A1. Thus the large uncertainties from A2 will not affect the physical
observables.
Bc → D,D∗, Ds, D∗s form factors at maximally recoiling point are smaller than Bc → ηc, J/ψ,B,B∗, Bs, B∗s , while
the Bc → D,Ds, ηc form factors at zero recoiling point are close to each other. The SU(3) symmetry breaking effects
in Bc → D,Ds and Bc → D∗, D∗s are quite large; but in Bc → B,Bs and Bc → B∗, B∗s transitions, the SU(3) breaking
effects are not large. Semileptonic Bc → (ηc, J/ψ)lν and Bc → (Bs, B∗s )lν decays have much larger branching fractions
than the other two kinds of semileptonic Bc decays. In the three kinds of Bc → V lν decays, contributions from the
longitudinal polarized vector is comparable with those from the transversely polarized vector. These predictions will
be tested at the ongoing and forthcoming hadron colliders.
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APPENDIX A: RELATIONS OF DIFFERENT DEFINITIONS OF FORM FACTORS
In the literature, various conventions for the Bc → V form factors have been adopted. In this appendix, we will
collect their conventions and compare them with the BSW form factors. In Refs. [3, 4, 6, 9] , the authors defined the
Bc → V form factors as:
〈V (P ′′, ǫ′′)|Vµ|B¯c(P ′)〉 = −ǫµναβε′′∗νPαqβFV (q2), (A1)
〈V (P ′′, ǫ′′)|Aµ|B¯c(P ′)〉 = iF0(q2)ǫ′′∗µ + iF+(q2)(ǫ′′∗ · P )Pµ + iF−(q2)(ǫ′′∗ · P )qµ, (A2)
These form factors are related to the BSW form factors by:
V PV = (mBc +mV )FV , A
PV
1 =
F0
mBc +mV
, APV2 = −(mBc +mV )F+, (A3)
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A0 =
mBc +mV
2mV
APV1 (q
2)− mBc −mV
2mV
APV2 (q
2) +
q2
2mV
F−. (A4)
The definition of form factors g, f, a+, a− in Ref. [7] is similar with ours in Eqs.(1-3) except for a phase i. In
Ref. [11, 13], the following definition for the form factors is adopted:
〈V (P ′′, ǫ′′)|Vµ −Aµ|B¯c(P ′)〉 = i
mBc +mV
ǫ′′∗ν (−gµνP · qA0 + PµP νA+ + qµP νA− + iǫµνρσPρqσV ) , (A5)
where A+ corresponds to the BSW form factor A
PV
2 and their form factor A
IKS2
0 is related to the BSW form factor
APV1 :
APV1 =
AIKS20 (mBc −mV )
mBc +mV
. (A6)
In Ref. [14], the Bc → V form factors are defined as:
〈V (P ′′, ǫ′′)|Vµ −Aµ|B¯c(P ′)〉 = −iǫ′′∗ν (mBc +mV )A1 + iPµ(ǫ′′∗ · q)
A+
mBc +mV
+ iqµ(ǫ
′′∗ · q) A−
mBc +mV
+ǫµνρσǫ
′′∗
ν qρPσ
V
mBc +mV
, (A7)
The form factors APV1 and V
PV are the same with the relevant BSW form factors; their form factor A+ corresponds
to the BSW form factor APV2 .
APPENDIX B: SOME SPECIFIC RULES UNDER THE p− INTEGRATION
When performing the p− integration, one needs to include the zero-mode contribution. This amounts to performing
the integration in a proper way in this approach. To be more specific, for pˆ′1 under integration we use the following
rules [22, 23]
pˆ′1µ
.
= PµA
(1)
1 + qµA
(1)
2 , Nˆ2 → Z2,
pˆ′1µpˆ
′
1ν
.
= gµνA
(2)
1 + PµPνA
(2)
2 + (Pµqν + qµPν)A
(2)
3 + qµqνA
(2)
4 , (B1)
where the symbol
.
= reminds us that the above equations are true only after integration. A
(i)
j are functions of x1,2,
p′2⊥, p
′
⊥ · q⊥ and q2, and their explicit expressions have been studied in Ref. [22, 23]:
Z2 = Nˆ
′
1 +m
′2
1 −m22 + (1− 2x1)M ′2 + (q2 + q · P )
p′⊥ · q⊥
q2
,
A
(1)
1 =
x1
2
, A
(1)
2 = A
(1)
1 −
p′⊥ · q⊥
q2
, A
(2)
1 = −p′2⊥ −
(p′⊥ · q⊥)2
q2
,
A
(2)
3 = A
(1)
1 A
(1)
2 , A
(2)
4 =
(
A
(1)
2
)2 − 1
q2
A
(2)
1 . (B2)
We do not show the spurious contributions in Eq. (B2) since they are numerically vanishing.
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